In this study, a 3D coupled thermo-mechanical finite element model is developed to predict and analyze the defect formation during friction stir welding based on coupled Eulerian Lagrangian method. The model is validated by comparing the estimated welding temperature, processed zone shape and void size with those obtained experimentally. The results compared indicate that the simulated temperature and the data measured are in good agreement with each other. In addition, the model can predict the plasticized zone shape and the presence of a void in the weld quite accurately. However, the void size is overestimated. The effects of welding parameters and tool pin profile are also analyzed. The results reveal that welding at low welding speed or high tool rotational speed could produce a smaller void. Moreover, compared to a smooth tool pin, a featured tool pin can enhance plastic flow in the weld and achieve defect-free weldment. The results are helpful for the optimization of the welding process and the design of welding tools.
Introduction
Friction stir welding (FSW) is a novel solid-state joining technique invented by the welding institute (TWI) in 1991 [1] . It has become a unique technique well suited to joining many hard-to-weld metals, especially high strength aluminum alloys and some dissimilar metals. Due to the advantages over traditional fusion joining techniques, such as the lack of melting, low defect and low distortion, FSW has been widely applied in the aerospace, shipbuilding, automobile and railway industries [2] [3] [4] .
FSW is a multi-physics problem which involves excessive material deformation at high strain rate and elevated temperature. The material flow around the welding tool is very complex depending on the tool geometry, material property and other process parameters, namely rate of rotation and traverse, tool tilt, contact load, etc. [5] . It is important to understand the material flow characteristics for optimal tool design and process parameter combinations, because it determines the effectiveness and mechanical properties of the joints.
Since the invention of FSW, several researchers have performed experiments in an attempt to understand the material flow around the welding tool, and a number of approaches, such as tracer technique by marker [6] [7] [8] , FSW of dissimilar alloys/metals [9, 10] and microstructural observations [11, 12] , have been successfully used to visualize the material flow pattern in FSW. However, the information obtained from a single test is very limited. In order to fully understand the material flow behavior in FSW, a lot of welding tests need to be done, which is time-consuming and exhausting.
Compared with the experimental method, numerical simulation is a more convenient and effective method to study FSW. This is because visualization of the material flow, temperature field, stresses, and strains involved during the whole FSW process can be easily obtained with less effort and less cost by nodes. The results showed that increasing the tool rotational speed and decreasing the welding speed could improve the weld quality. However, flash formation would be more obvious when rotational speed is increased. Buffa G. et al. [24] developed a thermo-mechanical coupled, rigid-visco-plastic, three-dimensional finite-element model to study the effect of tool geometry on the material flow pattern and the grain size distribution in the welded joints. The results showed that an increase in the pin angle leads to a more uniform temperature distribution along the vertical direction and helps in reducing distortion. Furthermore, it has been suggested that the helical motion of a conical pin pushes the material downwards in the front and upwards in the rear. The improved material flow results in more uniform properties across the workpiece thickness. As a result, tapered tools are preferred when welding thick sheets. Assidi M. and Fourment L. [25] developed a FSW numerical simulation tool based on Forge FE software. Its main features are an ALE formulation and an adaptive remeshing procedure based on error estimation. A 3D FSW simulation based on friction models calibration was presented using Eulerian and ALE formulation. Two friction models, namely Norton's and Coulomb's, were used to model friction in the tool-plate interface in aluminum alloy 6061-T6. Comparisons with experimental results considering various travel speeds were performed. The results showed that this friction calibration can be regarded as rather general. However, the temperature in the tool is not perfectly modelled and certainly requires developing an accurate model. Dialami N. et al. [26] developed a fully coupled thermo-mechanical model for FSW simulation. An apropos kinematic setting for different zones of the computational domain was introduced and an efficient coupling strategy was proposed. Heat generation via viscous dissipation as well as frictional heating was considered. The simulation results were compared with the experimental evidence. The effect of slip and stick conditions on non-circular pin shapes was analyzed. Simulation of material stirring was also carried out via particle tracing, providing insight of the material flow pattern in the vicinity of the pin. Bussetta P. et al. [27] used two different methods to simulate the FSW process numerically. One model is based on a solid approach which computes the position and the temperature fields and another one is based on a fluid approach written in terms of velocity, pressure, and temperature fields. Both models use advanced numerical techniques such as the ALE formalism or remeshing operations or an advanced stabilization algorithm. The results compared showed that the two formulations essentially deliver the same results. More investigations are still needed to understand the small differences between the two models. While the fluid model is more efficient from a computational point of view, the model based on the solid approach has the advantage that it can be used to compute the residual stresses.
Although numerous simulations have been performed to characterize the principles of FSW and model the heat generation, material flow behavior and so on, the excessive large plastic flow and complex coupling of thermo-mechanical behaviors in FSW challenge the numerical simulation technology. For CFD technique, the Eulerian mesh is applied. The mesh and the material are independent of each other and there is no mesh distortion problem. However, it is very difficult for the CFD method to capture the material boundary information and describe the material boundary accurately. Moreover, the material hardening behavior and elastic properties are unable to be considered. In the CFD simulation of FSW, the welding material can only be simplified as rigid viscoplastic material. In addition, when dealing with the interaction between the welding tool and the workpiece, the full sticking conditions between them are usually assumed, which leads to a significant simulation error of welding temperature and tool reaction loads. On the other hand, ALE technique can make use of sliding boundary conditions to define the tool-workpiece interaction, assuming different values for the coefficient of friction or constant slip rate. ALE can also take into consideration the material temperature and rate dependency, as well as the material hardening behavior, simultaneously. However, in ALE, Lagrangian elements are applied. Such elements cannot handle voids and need to be fully filled with material in order to satisfy continuity. Therefore, serious mesh distortion will occur in the simulation of large deformation problems such as FSW, which can even cause the model to fail to converge.
In the current study, a 3D coupled thermo-mechanical finite element model is developed to simulate the FSW process based on coupled Eulerian Lagrangian (CEL) method. The CEL method, proposed by Noh W.F. [28] , has the advantages of both Lagrangian mesh and Eulerian mesh, which means it can not only solve the element deformation singularity in the large deformation problems, but also describe the physical boundary of the material accurately. Therefore, the proposed CEL model has a number of advantages over the previous numerical models: it can predict the material flow as well as defect formation during the FSW process explicitly. Although, a similar model has been established in the literature of Al-Badour F. et al. [29] , adiabatic heating effect is assumed and heat dissipation into the surrounds is not considered in their model, which will lead to the over estimation of temperature during FSW process. In the present model, the convection and radiation heat transfer and the contact heat transfer between workpiece and backing plate are all taken into consideration. In addition, different welding parameters and FSW tool pin profiles are considered in the analysis. The model is validated by comparing the estimated welding temperature, processed zone shape and void size with those obtained experimentally.
Material and Experimentation
Al6061-T6 aluminum alloy plates (300 mm in length, 150 mm in width and 6 mm in thickness) were friction stir welded on a FSW equipment modified from a universal milling machine (Shenyang Institute of Automation, Chinese Academy of Sciences, Shenyang, China) ( Figure 1 ). A tool with a concave shoulder and a tapered smooth pin, made of W6 alloy, was used, and its cross section profile and main dimensions are shown in Figure 2 . In this experiment, position control was applied to the FSW tool. The tool tilt angle was kept constant at 0 • and the plunged depth of the shoulder into the workpiece was set to 0 mm during the welding process. The following welding parameters were considered: tool rotational speed was 600 rpm, plunging feed was 3 mm/min and welding speed was 50 mm/min. During the welding experiment, the thermal cycles were measured using K-type thermocouples (Changzhou Jinailian Electronic Technology Co., Ltd, Changzhou, China) embedded into little holes at locations that are 10 mm, 15 mm, 20 mm and 25 mm away from the joint line on both the advancing side (AS) and the retreating side (RS). After welding, the transverse cross-section of the joint was prepared to characterize the macrostructure by optical microscopy. proposed by Noh W.F. [28] , has the advantages of both Lagrangian mesh and Eulerian mesh, which means it can not only solve the element deformation singularity in the large deformation problems, but also describe the physical boundary of the material accurately. Therefore, the proposed CEL model has a number of advantages over the previous numerical models: it can predict the material flow as well as defect formation during the FSW process explicitly. Although, a similar model has been established in the literature of Al-Badour F. et al. [29] , adiabatic heating effect is assumed and heat dissipation into the surrounds is not considered in their model, which will lead to the over estimation of temperature during FSW process. In the present model, the convection and radiation heat transfer and the contact heat transfer between workpiece and backing plate are all taken into consideration. In addition, different welding parameters and FSW tool pin profiles are considered in the analysis. The model is validated by comparing the estimated welding temperature, processed zone shape and void size with those obtained experimentally.
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Model Description
A 3D coupled thermo-mechanical finite element model was developed to predict and analyze defect formation during the FSW process based on coupled Eulerian Lagrangian formulation, Coulomb's frictional law and the Johnson-Cook material law.
Governing Equations
According to the CEL method, in the present study, the workpiece was modeled under Eulerian framework, while the FSW tool was modeled as a Lagrangian body. It is well known that the conservation equations in the Eulerian description are written using the spatial time derivative. On the other hand, the material time derivative is used in the standard Lagrangian description for solid and structural analysis. The relation between material and spatial time derivatives is:
where ϕ is the arbitrary solution variable, v is the material velocity,
Dϕ
Dt and ∂ϕ ∂t are the material and spatial time derivatives, respectively.
For the FSW problem, the Lagrangian mass, momentum and energy conservation equations transferred into the Eulerian (spatial derivative) conservation equations are given as follows [30] :
∂e ∂t
where ρ is the density, σ is Cauchy stress, b is the vector of body forces, e is the strain energy, and D is the velocity strain. In order to solve the problem, Equations (2)- (4) are rewriten to the general form:
where Φ is the flux function, S is the source term. Equation (5) can be divided using operator splitting into two equations [31] :
which are then solved sequentially. Equation (6), the Lagrangian step, contains the source term, and Equation (7), the Eulerian step, contains the convective term. The difference between Equation (6) and the standard Lagrangian governing equations is the type of the time derivative. Equation (6) is hence identical to the standard Lagrangian formulation if the spatial time derivative is replaced by the material time derivative on the fixed mesh. To solve Equation (7), the deformed mesh is moved to the original fixed mesh, and the volume of material transported between adjacent elements is calculated. The Lagrangian solution variables, such as the mass, energy, momentum, stress and others are then adjusted to account for the flow of the material between adjacent elements by the transport algorithms.
Geometrical Model and Mesh Generation
ABAQUS/Explicit [32] was employed to solve the above conservation equations of the FSW process. Due to the low computational efficiency, only a localized region of the workpiece was included in the analysis. The welding phase was simulated by employing control volume approach, whereas the welding speed was defined as inflow and outflow over Eulerian domain boundaries [29] , as shown in Figure 3a . The domain size was considered to be four times larger than the tool shoulder diameter [21, 23] . This size was a compromise between simulation accuracy and computational time. The Eulerian domain was generated in a cuboidal shape with the size of 100 × 100 × 9 mm 3 , which is partitioned initially into two zones: workpiece and void ( Figure 3a) . As mentioned above, the actual workpiece thickness is 6 mm. The domain is thicker than the physical workpiece by 3 mm, which is left initially empty (void) for visualizing flash formation during FSW welding. The Eulerian domain was generated in a cuboidal shape with the size of 100 × 100 × 9 mm 3 , which is partitioned initially into two zones: workpiece and void ( Figure 3a ). As mentioned above, the actual workpiece thickness is 6 mm. The domain is thicker than the physical workpiece by 3 mm, which is left initially empty (void) for visualizing flash formation during FSW welding. The Eulerian domain was meshed with 60,444 thermally coupled 8-node Eulerian elements. In order to keep the material from penetrating the tool surface and to improve the computational efficiency, bias mesh technique was applied to generate fine mesh at the tool-workpiece interaction zone and coarse mesh at the sides (Figure 3b ). On the other hand, the FSW tool was considered as an isothermal Lagrangian rigid body. The tool shape and size were similar to those used in the welding experiment, and 4-node 3D bilinear rigid quadrilateral element was employed to mesh the rigid tool surface, as shown in Figure 4 . 
Heat Generation Model
Friction stir welding is a complex coupled thermo-mechanical problem. During FSW, heat is generated by friction between tool and workpiece and via plastic deformation [33, 34] . Both of them were taken into consideration in the present model.
Plastic deformation heat q pl is produced by inelastic work under sticking condition inside the shear layer of the workpiece, which is the source term in Equation (5) for energy conservation and can be calculated by the following formula: The Eulerian domain was meshed with 60,444 thermally coupled 8-node Eulerian elements. In order to keep the material from penetrating the tool surface and to improve the computational efficiency, bias mesh technique was applied to generate fine mesh at the tool-workpiece interaction zone and coarse mesh at the sides (Figure 3b ). On the other hand, the FSW tool was considered as an isothermal Lagrangian rigid body. The tool shape and size were similar to those used in the welding experiment, and 4-node 3D bilinear rigid quadrilateral element was employed to mesh the rigid tool surface, as shown in Figure 4 . The Eulerian domain was generated in a cuboidal shape with the size of 100 × 100 × 9 mm 3 , which is partitioned initially into two zones: workpiece and void ( Figure 3a) . As mentioned above, the actual workpiece thickness is 6 mm. The domain is thicker than the physical workpiece by 3 mm, which is left initially empty (void) for visualizing flash formation during FSW welding. The Eulerian domain was meshed with 60,444 thermally coupled 8-node Eulerian elements. In order to keep the material from penetrating the tool surface and to improve the computational efficiency, bias mesh technique was applied to generate fine mesh at the tool-workpiece interaction zone and coarse mesh at the sides (Figure 3b ). On the other hand, the FSW tool was considered as an isothermal Lagrangian rigid body. The tool shape and size were similar to those used in the welding experiment, and 4-node 3D bilinear rigid quadrilateral element was employed to mesh the rigid tool surface, as shown in Figure 4 . 
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where η is the thermal conversion efficiency inside the workpiece and 90% of plastic work was considered to be converting into heat in the model.
. ε pl is the plastic strain rate and σ fs is the flow stress of the workpiece material.
The friction heat q f due to sliding friction between tool and workpiece is given as follows:
where .
γ is the slip rate, and τ is the frictional shear stress. According to the classical Coulomb's frictional law, τ can be expressed as:
where P is the contact pressure at the tool-workpiece interface and µ is the frictional coefficient.
As for the frictional coefficient, it is generally accepted that it is related to the tribological and microstructural behaviors of the material to be welded [35] . For FSW, the frictional coefficient is usually defined as a function of slip rate, contact pressure and surface temperature. However, due to the very complex process of FSW, the accurate values of the frictional coefficient are still indeterminate, and cannot be estimated by any straightforward methods so far [33] . For this reason, a variety of friction coefficient values have been found in the literature, with the majority of them being a constant value. Tutunchilar S. et al. [36] used frictional coefficients of 0.4, 0.5 and 0.6 under 100 mm/min transverse speed and 900 rpm rotational speed. Buffa G. et al. [37] also used a constant friction factor of 0.46 between workpiece and tool. In the present study, a frictional coefficient of 0.58, similar to that of Al-Badour F. et al. [29] , was considered for all simulation conditions.
Boundary Conditions

Thermal Boundary Conditions
During FSW, part of the heat is dissipated into the air from the top surface of the workpiece by convection and radiation, and the corresponding heat transfer boundary condition is given by:
where n S is the normal direction of heat dissipation surface, σ b is the Stefan-Boltzmann constant, ε b is the emissivity, T a is the ambient temperature, and h con is the convective heat transfer coefficient. In this study, emissivity of 0.09 was employed for Al6061-T6 [38] . The value of h con was set as 10 W/m 2 · • C with the ambient temperature of 25 • C similar to that of Schmidt H. and Hattel J. [21] and Darko M.V. et al. [39] . In addition to convection and radiation heat transfer, the bottom surface of the workpiece is in contact with the backing plate and the rest of the heat is transferred into the backing plate during the FSW process. Due to the complexity of the contact heat transfer problem, it was usually simplified to convection heat transfer in many previous simulations, which obtained good agreement between the simulated temperature and the experimental data [39] [40] [41] . In the present analysis, the same approach was adopted. The equivalent convective heat transfer coefficient was considered as a function of temperature and its value can be found in literature [40] .
Velocity Boundary Conditions
As mentioned earlier, due to low computational efficiency, only a localized region of the workpiece was included in the analysis and the welding phase was simulated using a control volume approach. For convenience, a reference point was set on the axis of the FSW tool to control its motion precisely. The longitudinal motion of the FSW tool was not considered explicitly. Instead, the longitudinal velocity of the tool was set to zero and the workpiece material was allowed to flow through the Eulerian domain with an overall longitudinal velocity equal to negative of the tool translational velocity (welding speed). This was accomplished through the use of the appropriate inflow and outflow velocity boundary conditions over the vertical faces of the Eulerian domain which are orthogonal to the direction of tool travel. In addition, the top surface of the workpiece was free and displacement constraints were applied on the boundaries in order to avoid material escaping from the sides and the bottom surface of Eulerian domain. Figure 5 illustrates schematically the velocity boundary conditions used in the present model. The welding process conditions used in the model, including the tool rotational speed, plunging feed, welding speed, tool tilt angle and plunged depth, are exactly the same as those in the welding experiment. and displacement constraints were applied on the boundaries in order to avoid material escaping from the sides and the bottom surface of Eulerian domain. Figure 5 illustrates schematically the velocity boundary conditions used in the present model. The welding process conditions used in the model, including the tool rotational speed, plunging feed, welding speed, tool tilt angle and plunged depth, are exactly the same as those in the welding experiment. 
Material Model
In the welding nugget zone (WNZ) and thermo-mechanically affected zone (TMAZ), a very large plastic deformation takes place during the FSW process. The interaction of flow stress with temperature, plastic strain and strain rate is essential for modeling the FSW process. For this reason, Johnson-Cook material law [42] was employed to describe the plasticity of workpiece material and the flow stress σ fs (Equation (8)) is defined as follow:
where ε pl is the equivalent plastic strain, ε pl is the equivalent plastic strain rate, ε 0 is the normalizing strain rate, and A, B, C, n and m are material constants. The exponent n denotes the strain hardening effect, while m models the high temperature softening effect. C represents the strain rate sensitivity, parameters A, B and n are evaluated by experiment at temperature T ref .
T melt is the material solidus temperature. In addition to the material plasticity, elastic and thermal properties were considered as temperature dependent. In the present model, the thermal and mechanical properties as well as Johnson-Cook parameters of Al6061-T6 (Tables 1 and 2 , respectively) can be found in the literature [29, 43] . 
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In addition to the material plasticity, elastic and thermal properties were considered as temperature dependent. In the present model, the thermal and mechanical properties as well as Johnson-Cook parameters of Al6061-T6 (Tables 1 and 2 , respectively) can be found in the literature [29, 43] . Table 1 . Temperature-dependent material properties for Al6061-T6. 
FE Results and Discussion
Verification of FE Model
As mentioned earlier, the finite element model is validated using experimentally measured temperature as well as by matching the estimated processed zone shape and void size with those obtained experimentally. Figure 6 shows the simulated temperature field during the steady-state welding process. It can be seen clearly that the temperature distribution is asymmetrical around the weld centerline, which is caused by the non-uniform material flow around the tool. The high temperature region locates under the shoulder, where the energy density is extremely high. The peak temperature locates at the position of the advancing side behind the tool, and its value 514 • C is about 88% of the melting temperature (583 • C) of Al6061-T6 aluminum alloys. It should be noted that the temperature distribution characteristics above are similar to those in the literature [44] . 
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Verification of FE Model
As mentioned earlier, the finite element model is validated using experimentally measured temperature as well as by matching the estimated processed zone shape and void size with those obtained experimentally. Figure 6 shows the simulated temperature field during the steady-state welding process. It can be seen clearly that the temperature distribution is asymmetrical around the weld centerline, which is caused by the non-uniform material flow around the tool. The high temperature region locates under the shoulder, where the energy density is extremely high. The peak temperature locates at the position of the advancing side behind the tool, and its value 514 °C is about 88% of the melting temperature (583 °C) of Al6061-T6 aluminum alloys. It should be noted that the temperature distribution characteristics above are similar to those in the literature [44] . Figure 7 compares the results predicted and the data measured for the peak temperature distribution along the vertical direction of the weld. It is observed that the simulated peak temperatures are slightly higher than the experimental ones. The difference may be due to the material parameters used in the numerical simulation, assumption of constant frictional coefficient and simplification of thermal boundary conditions. In addition, the measurement error of the temperature field will also affect the accuracy of the simulation results. It is worth noting that, although there is a discrepancy between the simulated temperature and the data measured, generally speaking they are still in good agreement with each other. Figure 7 compares the results predicted and the data measured for the peak temperature distribution along the vertical direction of the weld. It is observed that the simulated peak temperatures are slightly higher than the experimental ones. The difference may be due to the material parameters used in the numerical simulation, assumption of constant frictional coefficient and simplification of thermal boundary conditions. In addition, the measurement error of the temperature field will also affect the accuracy of the simulation results. It is worth noting that, although there is a discrepancy between the simulated temperature and the data measured, generally speaking they are still in good agreement with each other. Further validation is performed by comparing the estimated equivalent plastic strain zone to the microstructure of the processed zone obtained experimentally, as shown in Figure 8 . The results compared reveal that the estimated equivalent plastic strain zone shape is in good agreement with the microstructure of the processed zone obtained experimentally. Moreover, the developed finite element model can predict the presence of void in the weld quite accurately (Figure 8) . However, the model is found to overestimate the void size. The estimated size of void is 2.18 mm × 0.55 mm, while the result measured is 1.09 mm × 0.7 mm. Many reasons may lead to this discrepancy, such as the assumption of a constant frictional coefficient in the contact model, the simplification of the contact heat transfer between workpiece and backing plate, as well as other idealizations in the model. Further validation is performed by comparing the estimated equivalent plastic strain zone to the microstructure of the processed zone obtained experimentally, as shown in Figure 8 . The results compared reveal that the estimated equivalent plastic strain zone shape is in good agreement with the microstructure of the processed zone obtained experimentally. Moreover, the developed finite element model can predict the presence of void in the weld quite accurately (Figure 8) . However, the model is found to overestimate the void size. The estimated size of void is 2.18 mm × 0.55 mm, while the result measured is 1.09 mm × 0.7 mm. Many reasons may lead to this discrepancy, such as the assumption of a constant frictional coefficient in the contact model, the simplification of the contact heat transfer between workpiece and backing plate, as well as other idealizations in the model. 
Effect of Welding Parameters
It is well known that welding speed and tool rotational speed are the two welding parameters which have an important influence on the material flow in the weld and the defect formation during FSW process. In this investigation, both conditions were simulated using the develop FE model.
Effect of welding speed: two welding speeds of 50 mm/min and 150 mm/min have been selected to investigate the welding speed effect on equivalent plastic strain and void formation. The results compared are illustrated in Figure 9 . It can been seen that the estimated equivalent plastic strain values increase when the welding speed is reduced. The high plasticized zones under the tool shoulder are found to be larger for lower welding speed. Moreover, welding at the welding speed of 50 mm/min produces a smaller void near the tip of FSW tool pin. However, the welding speed only has a limited effect on void size (Figure 9 ). These findings are similar to those reported by Al-Badour F. et al. [29] . 
Effect of welding speed: two welding speeds of 50 mm/min and 150 mm/min have been selected to investigate the welding speed effect on equivalent plastic strain and void formation. The results compared are illustrated in Figure 9 . It can been seen that the estimated equivalent plastic strain values increase when the welding speed is reduced. The high plasticized zones under the tool shoulder are found to be larger for lower welding speed. Moreover, welding at the welding speed of 50 mm/min produces a smaller void near the tip of FSW tool pin. However, the welding speed only has a limited effect on void size (Figure 9 ). These findings are similar to those reported by Al-Badour F. et al. [29] . compared are illustrated in Figure 9 . It can been seen that the estimated equivalent plastic strain values increase when the welding speed is reduced. The high plasticized zones under the tool shoulder are found to be larger for lower welding speed. Moreover, welding at the welding speed of 50 mm/min produces a smaller void near the tip of FSW tool pin. However, the welding speed only has a limited effect on void size (Figure 9 ). These findings are similar to those reported by Al-Badour F. et al. [29] . Effect of tool rotational speed: two tool rotational speeds of 400 rpm and 800 rpm have been selected to study the tool rotational speed effect on equivalent plastic strain and void formation as illustrated in Figure 10 . The results compared show that the estimated equivalent plastic strain values increase when the tool rotational speed is increased. The high plasticized zone under the tool shoulder is found to be larger for higher tool rotational speeds. In addition, welding at high tool rotational speeds produces a smaller void. Effect of tool rotational speed: two tool rotational speeds of 400 rpm and 800 rpm have been selected to study the tool rotational speed effect on equivalent plastic strain and void formation as illustrated in Figure 10 . The results compared show that the estimated equivalent plastic strain values increase when the tool rotational speed is increased. The high plasticized zone under the tool shoulder is found to be larger for higher tool rotational speeds. In addition, welding at high tool rotational speeds produces a smaller void.
The presence of a larger plastic zone and smaller void size at lower welding speeds or higher tool rotational speeds could be attributed to the increase in heat input leading to easier material flow.
Based on the analysis compared above, it can be drawn that welding at low welding speed or high tool rotational speed is benefit to reduce void size. 
Effect of Tool Pin Profile
It is well known that material flow during FSW is affected by tool pin profile. The tool pin features such as threads, flats, or flutes may enhance the material flow in the weld and lead to better material mixing and eventually better weld strength. In this investigation, three different tool pins have been selected to study the effects of tool pin profile on the material flow and void formation during the FSW process. Simulations are conducted for a smooth tool pin, a threaded tool pin and a threaded tri-flat tool pin, each using their dedicated solid models respectively. Figure 11 illustrates schematically the FSW tools with featured pins in 3D. The presence of a larger plastic zone and smaller void size at lower welding speeds or higher tool rotational speeds could be attributed to the increase in heat input leading to easier material flow.
Based on the analysis compared above, it can be drawn that welding at low welding speed or high tool rotational speed is benefit to reduce void size.
It is well known that material flow during FSW is affected by tool pin profile. The tool pin features such as threads, flats, or flutes may enhance the material flow in the weld and lead to better material mixing and eventually better weld strength. In this investigation, three different tool pins have been selected to study the effects of tool pin profile on the material flow and void formation during the FSW process. Simulations are conducted for a smooth tool pin, a threaded tool pin and a threaded tri-flat tool pin, each using their dedicated solid models respectively. Figure 11 illustrates schematically the FSW tools with featured pins in 3D.
features such as threads, flats, or flutes may enhance the material flow in the weld and lead to better material mixing and eventually better weld strength. In this investigation, three different tool pins have been selected to study the effects of tool pin profile on the material flow and void formation during the FSW process. Simulations are conducted for a smooth tool pin, a threaded tool pin and a threaded tri-flat tool pin, each using their dedicated solid models respectively. Figure 11 illustrates schematically the FSW tools with featured pins in 3D. The effects of tool pin profile on the equivalent plastic strain in the weld and on void formation are illustrated in Figure 12 . It can be seen clearly that the equivalent plastic strain values for welds performed with a smooth tool pin (Figure 12a ) are smaller than those developed using featured tool pins (Figure 12b,c) . When featured tool pins are used, no sign of the nucleation of voids or volumetric defects are found in the weld. However, using a smooth tool pin leads to volumetric defect formation. Similar results can be found in the literature [38] . The effects of tool pin profile on the equivalent plastic strain in the weld and on void formation are illustrated in Figure 12 . It can be seen clearly that the equivalent plastic strain values for welds performed with a smooth tool pin (Figure 12a ) are smaller than those developed using featured tool pins (Figure 12b,c) . When featured tool pins are used, no sign of the nucleation of voids or volumetric defects are found in the weld. However, using a smooth tool pin leads to volumetric defect formation. Similar results can be found in the literature [38] . Figure 13 shows the material velocity around the welding tool during the FSW process. It can be seen that the material velocity around the FSW tool is found to be higher for welds performed with featured tool pins. Moreover, compared with a smooth tool pin, featured tool pins produce better material flow along the axial direction of the tool pin, which contributes to reducing defect size and achieving defect-free weldment. Figure 13 shows the material velocity around the welding tool during the FSW process. It can be seen that the material velocity around the FSW tool is found to be higher for welds performed with featured tool pins. Moreover, compared with a smooth tool pin, featured tool pins produce better material flow along the axial direction of the tool pin, which contributes to reducing defect size and achieving defect-free weldment. Figure 13 shows the material velocity around the welding tool during the FSW process. It can be seen that the material velocity around the FSW tool is found to be higher for welds performed with featured tool pins. Moreover, compared with a smooth tool pin, featured tool pins produce better material flow along the axial direction of the tool pin, which contributes to reducing defect size and achieving defect-free weldment. 
Conclusions
In the present work, a 3D coupled thermo-mechanical finite element model is established, based on the CEL method to simulate the FSW process of Al6061-T6. The model is implemented in Abaqus explicit environment and validated by matching the simulated temperature, estimated processed zone shape and void size with those obtained experimentally. The effects of welding parameters and tool pin profile on material flow in the weld and void formation are also investigated and the conclusions of significance are drawn as follows:
1.
The model can predict the plasticized zone shape and the presence of void in the weld quite accurately. However, the void size is overestimated.
2.
The void size is directly affected by welding parameters. Welding at low welding speed or high tool rotational speed could produce a smaller void.
3.
Compared with a smooth tool pin, a featured tool pin can enhance plastic flow in the weld, which contributes to reducing defect size and achieving defect-free weldment.
